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LATERAT, STABILITY CHARACTERISTICS AT LOW LIFT BETWEEN
MACH NUMBERS OF 0.85 AND 1.15 OF A ROCKET-PROPELLED
MODEL OF A SUPERSONIC ATRPLANE CONFIGURATION
HAVING A TAPERED WING WITH CIRCULAR-ARC
SECTIONS AND L0O° SWEEPBACK

By Charles T. D'Aiutolo and Allen B. Henning
SUMMARY

A rocket-propelled model of a supersonic airplane configuration
employing a 40° sweptback wing having circular-arc sections was flight
tested in the Mach number range of 0.85 and 1.15 to obtain lateral sta-
bility data at low 1ift from the lateral response to an impulsive rudder
deflection and to evaluate the test and analysis technique.

Time histories of the Dutch-roll oscillations indicate that the
model was statically stable throughout the Mach number range but was
dynamically unstable over a small range of Mach numbers. A low-lift
buffet was experienced below a Mach number of 0.95.

The time~vector method applied to the recorded Dutch-roll transient
oscillations provided a useful method for the determination of the lateral
stability derivatives. The results as obtained from the vector analysis
indicate that the directional stability and effective dihedral increased
with increasing Mach number, the damping-in-yaw was low and over a small
region of Mach number was unstable, and the rate of change of rolling-
moment coefficient with yawing-angular-velocity factor was negative at a
Mach number of 0.89 and increased positively to a large positive value !
at a Mach number of 1l.1. The lateral-force derivative increased with ’
increasing Mach number until a Mach number of 0.98 and then decreased to
the limit Mach number of the test.

Comparisons between the rocket-propelled-model test data, wind-tunnel

data, and estimates were made in order to evaluate the test technique.
These comparisons indicated that the time-vector method allows the
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determination of the static lateral stability derivatives to the same
order of accuracy as does wind-tunnel techniques.

INTRODUCTION

The Pilotless Aircraft Research Division is conducting a flight
investigation to determine the longitudinal and lateral stebility charac-
teristics at low 1lift in the transonic speed range of a supersonic aire
plane configuration having a tapered wing with circular-arc sections and
4OC sweepback. The longitudinal stability characteristics of the config-
uration are presented in reference 1 and the present paper contains the
results from a flight to determine the lateral stability characteristics,
The Mach number range covered in the present test was from 0.85 to 1.15

and corresponds to a Reynolds number range of 7.3 X 106 to 9.8 x 106,
respectively. The model was flown at the Langley Pilotless Aircraft
Research Station at Wallops Island, Va.

Stability derivatives were determined by application of the time-
vector method (see refs. 2 to 6) and these derivatives are compared with
other tests and with the estimated values of the stability derivatives
in order to evaluate the test technique., The physical motions experi-
enced by the model may or may not be the same as those experienced by
the airplane since the model and airplane would have different mass and
inertia characteristics.

SYMBOLS AND COEFFICIENTS

Throughout this paper the forces and moments acting on the model are
referred to the body system of axes, which are defined as an orthogonal
system of axes intersecting at the airplane center of gravity, in which
the Z~axis is in the plane of symmetry and perpendicular to the X-axis.
The X-axis 1is in the plane of symmetry, and the Y-axis is perpendicular
to the plane of symmetry. A diagram of these axes showing the positive
direction of forces, moments, and angles is presented in figure 1. Since
aerodynamic derivatives are usually available relative to the stability
system of axig, a diagram showing the stability system of axis is included
in figure 1 for reference purposes.

Reference 7 gives expressions that can be used to transpose the aero-

dynamic derivatives from one system of axes to the other. Angular rela-
tionships in flight for the stability and body systems of axes indicating
positive directions of angles is presented in figure 2.
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The symbols and coefficients are defined as follows:

aspect ratio

acceleration along X reference axis as obtained from accel-
erometer, positive forward

acceleration normal to X reference axis as obtained from
accelerometer, positive up

acceleration along Y reference axis as obtained from accel-
erometer, positive to the right

total damping factor (logarithmic decrement of Dutch-roll
oscillation defined as being a positive number for a damped
oscillation)

wing span, ft

wing chord, ft

mean aerodynamic chord of wing, ft
mean aerodynamic chord of vertical tail, ft

differential operator, d4/dt

moment of inertia about body X-axis, slug-ft2
moment of inertia about body Z-axis, slug-ft°

product of inertia referred to body axis (positive when the
positive direction of the X principal axis is inclined
below reference axis, that is, when € is positive)

%[IZ - Iy]tan2e
rolling moment, ft-1b
pitching moment, ft-1b
yawing moment, ft-1b
Mach mumber

mass of model, slugs
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period of Dutch-roll oscillations, sec
rolling angular velocity about X-axis, radiens/sec

total stagnation pressure, 1lb/sq ft
. 1.0
dynamic pressure, ZpV<, 1b/sq £t

Reynolds number
yawing angular velocity about Z-axis, radians/sec
total wing area, sq ft

one-half thickness of airfoil at aileron hinge line, as shown
in figure 3(b).

time, sec

velocity, ft/sec

model weight, 1b

air density, slugs/cu ft

relative density factor, -
pSb

undamped natural circular frequency, (o? + 33,2)1-/2
radians/sec

frequency of the Dutch-roll oscillation, radians/sec

angle in plane of symmetry, measured from projection of rela-
tive wind to fuselage reference axils, deg or radians (see

fig. 2)

angle of sideslip, measured from relative wind to fuselage
reference axis, deg or radians (see fig. 1)

angle between principal longitudinal axis of inertia and the
longitudinal body axis, deg, (see fig. 2)

flight path angle, deg, (see fig. 2)

angle between reference axis and horizontal axis, deg, (see
fig. 2)
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1 inclination of principal longitudinal axls of inertia with
respect to flight path, deg, (see fig. 2)
¢ angle of roll, radians
' angle of yaw, radians
% Ox rudder deflection, deg
|
i o phase angle, deg
% Ct, trim 1ift coefficient
|
|
{ Cy lateral-force coefficient, Lateral forcefqS
| Cy yewing-moment coefficient, Yawing moment/qSb
1
i
: Cz rolling-moment coefficient, Rolling moment/qu
)
. . . oCp
Ca directional stability derivative, S per radian
B 8
3y
Cy lateral~force derivative, -——, per radian
B op
aCZ
Cy effective dihedral derivative, SE-, per radlan
B
Cnp rate of change of yawing-moment coefficient with rolling-
¢ .
angular-velocity factor, ——%, per radian
: 22
y 2V
i CY rate of change of lateral-force coefficient with rolling-
; D
% angular-velocity factor, —55, per radian
; Oie
% 2v
ac
Clp damping-in-roll derivative, —f%, per radian
Pyl
' 2v
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Cnr rate of change of yawing-momgnt coefficient with yawing-
C

angular~velocity factor — per radian
J arb)

2v

CY rate of change of lateral-~force coefficient with yawing-
r )
angular-velocity factor, "’ per radian
aI‘

2V
Clr rate of change of rolling-moment coefficient with yawing-
angular-~velocity factor, —;%, per radian
O
2v
Cn- rate of change of yawing-moment coefficient with rate of
B
change of angle-of-sideslip factor, _TE’ per radian
3£L
2v
CYé rate of change of lateral-force coefficient with rate of
charge of angle-of-sideslip factor, -—=, per radian
2£R
2v
CZB rate of change of rolling-moment coeffigient with rate of
C
change of angle-of-sideslip factor, —71, per radian
. b
Skl
2V

The symbol ljl represents the absolute magnitude of j and is
always taken to be positive. A dot over a variable indicates the first
derivative of the variable with respect to time., Two dots indicate the
second derivative. Phase angles are indicated by subscript notation
as @aﬁ as the phase angle between sideslip and rolling angular accel-

eration. The second subscript symbol is used as the reference. A posi-
tive sign associated with the phase angle indicates that the first sub-
script symbol leads the reference, whereas a negative sign indicates
that the first subscript symbol lags the reference.
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MODEL AND TEST DESCRIPTION

Model Description

The general arrangement of the model, details of wing and tail, and
details of rudder are shown in figure 3, and the geometric and mass - char-
acteristics of the model are given in table I. Photographs of the model
and the model-booster combination are shown in figure L.

The model fuselage was a body of revolution of fineness ratio 9.58,
consisting of a cylindrical center section, ogival nose and tail sece
tions, dorsal fin, canopiles, and fuselage skid. Construction of the
fuselage was principally of aluminum covered with magnesium skin.

The nose section contained the telemeter; the center section con-
tained the power section and wing mount; and the tail section contained
the rudder-pulsing mechanism,

The wing of the model was made of steel and had lO~percent circular-
arc airfoil sections perpendicular to the quarter-chord line and incor-
porated 40° of sweepback at the quarter-chord line with 3°© positive
dihedral. The wing was set at 3° incidence with respect to the fuselage
reference line and was modified to simulate slab-sided ailerons having a
trailing-edge thickness of one-half the aileron thickness at the hinge
line. The ailerons were of 25-percent span and were constructed (or
set) at 0° deflection. Tip fairings were placed on the wing in order to
house some of the instrumentation.

The horizontal tall was similar tn the wing in plan form but had
NACA 65-008 ailrfoil sections parallel to the fuselage reference line and
was constructed of aluminum. An incidence of 2° trailing edge down
relative to the fuselage reference line was set in the horizontal tail
so that the model would have reasonable trim values. (See ref. 1).

The vertical tail had NACA 27-010 airfoil sections parallel to
fuselage reference line at the root and NACA 27-008 airfoil sections
parallel to fuselage reference line at the tip and was constructed of
aluminum. An aluminum rudder, the details of which are shown in fig-
ure 3(c), was incorporated on the vertical tail and was used to disturb
the model in yaw.

The model rudder~pulsing mechanism was designed to deflect the
rudder impulsively between 0° and 25° by means of a hydraulic servo

system and then allow a dwell time before the rudder was deflected again.

The time required to move the rudder from O° to the maximm deflection
of 25° and then back to 0° was 0.07 second and the dwell time was sbout
0.54 second; thus, a complete cycle occurred every 0.61 second.



8 —“w53 93— NACA RM L5SA31

The model was boosted to a Mach number of 1.18 by an external )
ABL Deacon rocket motor. Upon burnout of this rocket motor, the model
separated from the booster and coasted through the test speed range
(data obtained from M = 1.15). The model-booster combination was
launched from a mobile launcher at an angle of sbout 45° as shown in
figure k(c).

Instrumentation

The model contained a standard twelve-channel NACA telemeter.
Measurements were made of the normal, longitudinal, and transverse accel-
erations near the center of gravity of the model and the normal and
transverse accelerhtions in the nose of the model. Normal accelerations
of each wing tip were measured in order to determine the rolling angular
acceleration of the model., Rolling angular accelerations were also
measured by an angular-accelerometer-type instrument. The angle of attack
and angle of sideslip were measured by a vane-type instrument located on
a sting forward of the nose of the model, whereas total pressure was
measured by a tube located on a small strut mounted on the underside of
the model near the nose and rudder deflections were measured by a control-

position pickup.

The position of the model in space was determined by use of & modi-
fied SCR 584 tracking radar set and the velocity of the model was obtained
by use of the CW Doppler velocimeter radar set. Atmospheric data were
obtained from a radiosonde released immediately before the model flight.
Fixed and tracking motion-picture cameras were used to observe the con-
dition of the model during most of the flight.

Preflight Test

Prior to flight testing, the model was suspended by shock cords and
shaken by means of an electromagnetic shaker. This preflight test was
performed in anticipation of the model experiencing high-frequency oscil-
lations during the f£light; thereby, an explanation of these high-frequency
oscillations was possible. The frequencies recorded in the shake tests
of the model together with the approximate nodal lines are tabulated on
the following page.
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Mode Nodal line Frequency,
cps
Wing first %9
bending Vane
Horizontal- 86
tail first
bending
Wing second 176
bending Vane
Horizontal- 336
tall second
bending
Wing torsion 262
Vane

Flight Test

The model was boosted to a Mach mumber of 1.18 and upon burnout of
the booster rocket motor the model separated from the booster. During
the boosted phase of the flight, the rudder-pulsing mechanism was
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inoperative and was not allowed to operate until the model was completely
separated from the booster (M = 1.15). After completely separating from
the booster, the model was disturbed in yaw by periodic pulses of the
rudder and time histories of the resulting model motions were dbtalned
by means of the NACA telemeter and instrument system.

The flight conditions of the model are presented in figure 5 where
the variation of air density, velocity, dynamic pressure, and relative
density factor with Mach number are shown. These quantities are pre-
sented so that a possible correlation of the data obtained from this
test with data obtained from other tests may be made. The range of the
Reynolds numbers of the present test is shown in figure 6.

ACCURACY AND CORRECTIONS

Accuracy

The estimated probable errors in the basic gquantities measured are

shown in table II. The lateral stability derivatives Cy , C, , CZB,
p B

Cq., and C - C,, are dependent upon some of or all these measured
r

o8

quantities. The probable error in any of the above derivatives due to
all the probable errors in table IT was determined by the method shown

in reference 2 and it is felt that the accuracy of the derivatives
reported in this paper are of the same order as those reported in ref-
erence 2., That is, at M= 1.1 and M = 0.9 the accuracies are, respec-
tively: 3 and 5 percent for CYB, 6 and 8 percent for Ch ng and CIB,

13 and 16 percent for C; , and 15 and 25 percent for Cnr - Cné'
T

It is believed that the data presented in this report provide a good
indication of the variation of the stability derivatives with Mach number,
and the absolute values of these derivatives are at least as accurate or
better than indicated above.

Corrections

Since it was impossible to mount the accelerometers exactly at the
center of gravity of the model, the accelerometer readings had to be
corrected so that the accelerations of the center of gravity of the model
could be determined. These corrections consisted of the linear and
angular acceleration effects as well as angular veloclty effects on the
accelerometer readings due to the model motions.
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The angles of attack and sideslip as measured in front of the model
were corrected to the model center of gravity by considering flight path
curvature effects, see reference 8,

Frequency-response corrections to all instruments except the angular
accelerometer were not necessary since the model natural frequency was
less than L} percent of the instrument natural frequency. Frequency-
response corrections, however, were applied to the angular-accelerometer
readings since the model natural frequency was as high as 20 percent of
the angular-accelerometer natural frequency. These corrections were
made by use of standard frequency-response charts and resulted in cor-
rections to the phase angle only. The frequency-response corrections to
the phase angle between the rolling angular acceleration and sideslip
angle amounted to 9.6° at M = 0.89 and 16.3° at M = 1.10.

ANATYSTS

The method used in this paper to analyze the data and to determine
the lateral stability derivatives CZB’ CnB, Czr, and Cnr - Cné is

based on the concept of rotating vectors. This concept as applied to
airplane dynamics was first formulated by Mueller (see ref. 3) and
extended by others (see refs. 4 to 6) and may be briefly described as
follows:

A fundamental property of rotating or time vectors is the relation-
ship between the vector and its derivatives or its integrals at a given
instant of time. This relationship may be illustrated by considering
the oscillatory motions resulting from a yaw disturbance which are
assumed to be given by

B = Boe-at cos wt (1)

(2)

™ |-

Boe-a‘t coscnt + ®WB)

I}

¢ g Boe—at cos(wt + ¢¢B) (3)

Differentiation of equatlon (3) gives

\/a + o IBI e cosént + ¢¢B + 90° + tan” w> (&)




12 e NACA RM L55A31

whereas the second differentiation of equation (3) yields

5 = (a + ) Tgr 0® cos(dm + ¢¢B +180° + 2 tan™ %) | (5)

where ® 1s the frequency at which these vectors are rotating and 8o
is the initial value of the sideslip angle.

Differentiation of equations (1) and (2) yields similar expressions.

Comparisons of equations (3) and (&) show that the amplitude of the
first derivative of a time vector is equal to the amplitude of the time
vector at the same instant of time multiplied by the undamped natural
circular frequency of the vector, and that the phase of the first deriv-

ative leads the time vector by 90° + tan’l'% where tan’l'% is referred

to as the damping angle.

Comparison of equations (5) and (5) shows that the amplitude of the
second derivative of a time vector is equal to the amplitude of the time
vector multiplied by the square of the undamped natural circular fre-
quency of the vector, and that the phase of the second derivative leads
the time vector by 180° plus twice the damping angle.

In a like manner, the amplitude of the integral of a time vector
may be shown to be equal to the time vector divided by the undamped
natural circular frequency, whereas the phase of the integral of a time
vector lags the time vector 90° plus the damping angle.

Another important property of the concept of time vectors is the
requirement that the vector polygon representing any degree of freedom
of a system must close; thereby the determination of only two unknown
quantities in the degree of freedom is allowed. This property will be
explained in detail under the discussion of the solution of the lateral
equations of motion.

The complete lateral equations of motion about fixed body axis (see
fig. 1) are:

Lateral force:

25(06 + Dy - aDF) = Cy P+ Oy % Df + Oy 2% Dy + Cyy DB +
W .
— (f cos 8 + ¢ sin 8) (6)
Qs
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Rolling moment:

Ix 2 Xz 2 b b b
D D =C + C — DPp + C —— Dy + CH., D
g - = PO P+ Co gy DY oy 2 (7
Yawing moment:
I I
7 2 XZ 124 _ b b
35 OV - = D¢_an;3+cn —QVD¢+Cn ——gvay+CnB2VDB (8)

Assumptions were made concerning some of the terms in these equa-
tions in order to facilitate analysis of the data. These assumptions
are: In the lateral-force equation all the aerodynamic terms are com-
bined into one term referred to as Cy or the total lateral force.

This assumption is valid since the total lateral force was measured by
a transverse accelerometer and includes the contributions of rolling
angular velocity, yawing angular velocity, and sideslip angle. It was
further assumed that Cy was equal to CYBB. The validity of this

assumption is shown from the time hlstory of the model motions where Cy

is within the limits of accuracy of the test 180° out of phase with the
gideslip angle B. It was also assumed that the gravity terms in the
lateral-force equation may be neglected. This assumption is valid for
rocket-propelled models since the models have low wing loadings and are
flown through rather dense air at high speeds so that the values of the
gravity terms are very small., In the rolling-moment equation it was
assumed that Clé = 0, whereas in the yawing-moment equation it was

agsumed that ¢ = -8, so that Cnr and Cné may be combined into one

term referred to as the damping-in~yaw derivative.

By considering the above assumptions, the lateral equations of
motion are now written in the form used to analyze the data by the time-
vector method.

Lateral force:

av(lal - 18l leyl lel
as\el " el “el) " BT el ©

Rolling moment:

I Y I Logeep . 45 . *
xljﬂ_lewl_c 18l CZ}_’_H_CZ l'i__lll_=o (10)
gsb [B] ~asb |g] ~ B yB[ = 'p 2v |8




1k «_ NACA RM I55A31

Yawing moment:
I

ZW_Ixzm_ 18l . b gl oy il
asb |gl  asSb |B] “28 gl Cnpevm <Cnr Cn) =0 (1)

Notice that each of the equations was divided by B which is considered
as the unit vector in the time-vector plots and the various amplitude
ratios were determined from the data.

From preflight measurements, the mass, geometric, and inertia char-
acteristics of the model were determined; from the radar, radiosonde, and
telemeter-instrument system, the velocity, dymamic pressure, Mach number,
lateral force, angle of attack, angle of sideslip, rolling angular accel-
eration, and yawing angular acceleration were obtained. Thus, the
essential features of the short-period or Dutch-roll mode of the lateral
motion were measured as a function of time and Mach number.

The following quantities were then determined from the measurements:
period, damping factor, undamped natural circular frequency, lateral-force
coefficient, time lag between sideslip angle and rolling angular accel-~
eration, and the amplitude ratios of rolling angular acceleration to side-
slip angle and lateral force to sideslip angle, An attempt was made to
determine the amplitude ratio of yawing angular acceleration to sideslip
angle, but this was not possible because of the erratic readings of the
transverse accelercmeter in the nose of the model. These erratic
readings were due to the model experiencing both random and regular high-
frequency oscillations superimposed upon the short-period oscillations in
such a manner that the readings of this instrument were unreliable,

The solution of the lateral equations of motion (egs. 9 to 11) by
use of the time-vector method to determine the lateral stability deriv-
atives is illustrated in figure 7 for the lateral oscillations following
a rudder impulse at M = 1.10, The lateral-force equation was solved
first (see fig. T(a)) to obtain the yawing angular velocity. The dis-

placement vector amplitude %g% was plotted to the right with magnitude

equal to unity in order to determine the scale of the vector polygon.
The phase.angle was considered to be 0°, The first vector plotted was

the IV lﬁL vector where the amplitude ratio %g%- was determined by

as |8]
multiplying the unit vector %E% by the undamped natural circular fre-
quency (w® + 32)1/2 , and the phase angle QéB was determined from the

damping angle (900 + tan~l %). See equation 4. This vector was plotted
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in the positive direction of é. To this vector was added the - —- —

]

C
vector and, since ' Yl is negative, it is plotted in the positive B8

|8
direction. The vector -Q%cn+%+ was added next, where the amplitude
Q.

ratio —Q— was determined from the measured amplitude ratio %g{ by

dividing lﬁl by the undamped natural circular frequency, and the phase

18]

angle & 55 was determined from the damping angle <9OO + tan~l (%). Note

for this configuration since « 1s negative the vector -2%(1%%% is

plotted in the positive direction of 5. The vector length now required

to close the vector polygon is the amplitude ratio E% +%% and the phase
Q.

angle ®¢B is the angle measured between the & vector and the B vec-
tor. Inasmuch as the yawing angular velocity was known, the yawing
angular acceleration was determined by use of the basic properties of
time vectors,

After these quantities have been determined, either the rolling-
moment or yawing-moment equation may be solved in a manner similar to
the lateral-force equation. In both of these equations, the inertia
vectors are known completely, whereas the aerodynamic vectors are known
only in direction, so that two of these aerodynamic vectors must be
solved for as a function of the third. Generally, it is best to esti-
mate the amplitude of the smallest vector so that greater accuracy is
allowed and then determine the other two by closing the vector polygon.

However, transonic wind-tunnel values of C; are avallable for this
b

configuration from reference 9; thus, values of C; and CzB were
r

determined from the vector solution of the rolling-moment equation.
(See fig. 7(b).) Values of Cnr - Cné)’ plotted in ¢ direction,

and C, were determined from the vector solution of the yawing-moment

VIZQEAfiBn.ééufuhétidné of 4C£p;.“(Seé fig;v7(é).) Values of C were

assumed to be -0.10, 0, and 0.10, and values of CnB and (?nr - Cn-)

B
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were determined for each of these values of C in order to show that

CnB and (Cnr
plots. It 1s seen from figure 7(c) that Cnp has little effect on CnB

whereas it greatly affects Cnr - Cné' The variation of CnB with Mach

- Cné) are linearly dependent upon Cnp in the vector

muber shown later in the paper is presented for Cnp = 0, whereas the

variation of Cnr - Cné with Mach number is presented for all three

values of C,. .
fp

RESULTS AND DISCUSSION

Time History

A portion of the time history of the lateral motions experienced by
the model due to a yaw disturbance caused by an impulsive deflection of
the rudder is shown in figure 8 where the variation with time of the
rudder deflection, rolling angular acceleration, lateral-force coeffi-
cient, angle of sideslip, and angle of attack are presented. The appear=~
ance of the oscillations is that of a lightly damped sinusoid.

Although the model was disturbed essentially in yaw, an induced
pitching motion was recorded. It is believed that this angle-~of-attack
change is small enough to have a negligible effect on the lateral motions.
The possible effects of inertia coupling experienced by some rocket-
propelled models (see, for example, ref, 10) have been checked for this
configuration and the effects were found to be small.

From the time history of the lateral motions of the model, the
general characteristics of the Dutch-roll oscillation were determined.
These characteristics are shown in figure 9 where the period, total
damping factor, and undamped natural circular frequency are presented.
Note that the pericd and the undamped natural circular frequency show
the usual variation with Mach number, that is, decreasing and increasing,
respectively, with increasing Mach number whereas the total damping fac-
tor is low throughout the Mach number range of the tests and near
M=0.,95 it is unstable. The period and total damping factor were deter-
mined from the oscillations in sideslip angle, lateral-force coefficient,
and rolling angular acceleration, and the undamped natural circular fre-
quency was determined from the faired variation of the period ard total
damping factor with Mach number,
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Trim Characteristics

The variations of the model trim characteristics with Mach number
shown in figure 10 as trim sideslip angle, trim lateral-force coef-
ficient, and trim angle of attack. There were no abrupt trim changes;
however, the model changed trim somewhat throughout the test Mach num-
ber range. The trim change experienced in angle of attack was similar
to the trim angle-of-attack variation reported in reference 1. The
trim normal-force coefficient varied from 0.04 at M = 0.88 to 0.05 at
M=1.1,

Amplitude Ratio and Phase of Rolling Angular Acceleration
to Angle of Sideslip

The variation with Mach number of the amplitude ratic and phase of
rolling angular acceleration to angle of sideslip due to a yaw disturb-
ance is shown in figure 1l. It is important to note that these dynamic
characteristics are for the model and the full-scale airplane may or
may not have the same phase or amplitude ratio since the mass and iner-
tia characteristics of an airplane and a model would be considerably
different.

Sideslip Derivatives

Cross plots.~ A typical cross plot showing the variation of lateral-
force coefficient with angle of sideslip 1s shown in figure 12. Note
that, although the model was symmetrical and the rudder did not float
when undeflected, zero lateral force did not occur at zero angle of
sideslip. This could be possibly due to an instrument shift during the
flight. Since there was very little scatter in the data points from the
faired variation of Cy against B and very little hysteresis through-

out the Mach number range of the test, it is felt that the sum of the
derivatives C and Cy  1s zero.
Yb v

Lateral-force derivative.- From the cross plots of Cy against B8
the lateral-force derivative Cy, was determined and the variation of

CYB with Mach number is shown in figure lE(a). This variation is similar

to the variation of the slope of the 1ift curve for wings having moderate
aspect ratio, low sweep, and thick airfoil sections; thus, the main con-
tribution to GYB is the vertical tail. Furthermore, it is believed

that the high value of OYB near M = 1.0 1s greatly due to the induced
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sidewash across the vertical tail. Tail-on and tail-off data at low
and high speeds indicate a favorable induced sidewash effect and it is
believed that the high value of CYB near M = 1.0 measured in the

present test could be due to this favorable sidewash effect but of
larger magnitude.

Directional stability derivative.-~ The variation of the directional
stability derivative C,_  with Mach number as determined from the results

of the vector analysis is shown in figure 13(b). The data are presented
for Cnp = 0 as explained in the analysis section and indicate generally

an increase in C,  with increasing Mach number. Calculation of the
isolated tail contribution to CnB based on the CYB data of fige~

ure 13(a) indicates that the isolated tail contribution is considerably
greater than the data of figure 13(b) throughout the Mach number range
of this test. It is believed then that the wing-body contribution to
Cn is destabilizing and of rather large magnitude, Also shown in fig-

ure 13(b) is a comparison of Cp,  as determined from the single-degree-

of -freedom method. (See ref. 11). The single-degree-of~freedom method
neglects the product~of-inertia term and assumes Cpp = 0 1in the yawing-

moment equation; thus, CnB is determined directly from the periocd of
the yawing ogcillation. Note that the agreement between CnB as deter-

mined from the vector analysis and the single-~degree-of-freedom method
is good. This result is due to assuming Cnp = 0 in the vector analysis

and also due to the fact that for this configuration the product of iner-
tia is very small., It appears then that for configurations for which the
product of inertia is very small and for which qu is nearly equal to

zero, the single-degree-of-freedom method allows the determination of
CnB values that are good approximations to the actual values of CnB.
These data then further substantiate the results obtained in reference 12.
The CnB data of the present test determined from the single-degree-~of-

freedom method and the data of reference 1 do not show good agreement
when these data are converted to the same center-of-gravity location.
This result is primarily due to two reasons. The data of reference 1
were determined from rather random oscillations in yaw that were induced
from pitching oscillations and also the moment of inertia in yaw of the
model of reference 1 was estimated, not measured.
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Effective dihedral derivative.- As discussed in the analysis section,
values of the effective dihedral derivative Cl were determined from

B
vector analysis by knowing values of the damping-in-roll derivative Clp'

The variation of CzB with Mach number is shown in figure 15(0) for the

low 1ift coefficients of this test. For completeness, the C; data of
b

reference 9 are included as figure 14. It is felt that the values of CIB

shown in figure 13(c) are primarily due to the vertical tail and that
wing-body interference effects almost cancel the contribution of the wing
dihedral to Clﬁ‘ Calculations of the isolated vertical~tail contribution

to CIB tend to confirm this effect. Also high~speed wind-tunnel data

indicate this effect; however, low-speed wind-tumnel data do not,

Moment Derivatives Due to Yawing

Rolling-moment-due~to-yawing derivative.- The variation of the rate
of change of rolling-moment coefficient with yawing-angular-velocity
factor Cy with Mach number is shown in figure l5(a). Values of CZ

T T

were determined from the vector analysis by knowing values of C; , and
D

data indicate that for the low lift coefficients of this test C, is
T

negative at M = 0.9 and increases positively with incressing Mach nume-
ber to a large positive value at M = 1.1.

Damping-in-yaw derivative.- The variation of the damping-in-yaw
derivative C - Cné with Mach number is shown in figure l5(b) where

Dy
values of C - C,.» are plotted for three values of C,, . These C
v %p Bp

values were chosen in such a way that they would cover a range of possible

values for the configuration. As may be seen, Cnr - Cné is linearly
dependent upon Cnp; thus, from the vector analysis, Cnr - Cné may be
obtained for any number of assumed values for C,, . The data plotted in

figure 15(b) indicate that Cn, = Cné is positive (unstable) over a

small region of Mach number near M = 0,95; thus, possible dynamic insta-
bility of the Dutch-roll oscillation was indicated, Actually as shown
in figure 9(b), dynamic instability was recorded in the time histories
of the lateral motions over the same Mach number range, This instability
may be due to separated flow on the thick vertical tail at these Mach
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numbers. A comparison of the data in figure 15(b) with the total-
damping~factor data in figure 9 indicates that for this configuration
Cnp is positive,

Another interesting point can be seen from figure l5(b). Since
the total damping of the Dutch-roll oscillation is constant at any
particular Mach number, increasing Cnp. positively results in values

of Cnr - Cné obtained from the vector diagrams that are less negative

whereas decreasing CnP results in values of Cnr - Cné that are more

negative so that the beneficial contribution of positive values of Cnp

to the damping of the Dutch-roll oscillation becomes rather apparent.
This effect is also shown in the vector plot of figure T7(ec).

Comparison of Present Data With Other Data and With Estimates

Tests.- A comparison of the sideslip derivatives as obtained from
the present test and the wind-tunnel tests of references 13 to 16 are
shown in figure 16. Although there are rather large regions of Mach
number where the sideslip-derivative data are not available, it is felt
that the data from the present test together with the wind-tunmnel test
data may be used to determine faired variations of the sideslip deriva-
tives with Mach number over the range of M = 0,16 to M = 2.32. Tt
is also believed that the vector-analysis technique allows the deter-
mination of the sideslip derivatives to the same order of accuracy as
does the wind-tummel technique since data from two wind tunnels at
almost the same Mach number show at least a lO-percent disagreement.

Estimates.- A comparison of the lateral-stability-derivative data
of the present test and the estimated lateral stability derivatives for
this configuration (ref. 17) is shown in figures 17 and 18,

The comparison of the sideslip derivatives is shown in figure 17.
The differences between the values of CYB may be atitributed to much

larger values of sidewash than were estimated whereas the differences
between the values of CZB may be attributed to a stronger wing-~

fuselage interference effect than estimated. Estimated values of CnB

taken from reference 1T were determined primarily from the test of ref-
erence 1 where CnB was determined from the single~degree-of-freedom

method. The agreement between these data 1s good below M = 0.95 while
the agreement at the higher Mach numbers is poor. As mentioned in a
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previous section of this paper, the data of reference 1 were determined
from random oscillations and an estimated moment of inertia in yaw so
that the poor agreement in the CnB data may be due to this fact.

A comparison of the moment derivatives due to yawing is shown in
figure 18 where the agreement is poor. The CZr data that were esti-

mated do not show the abrupt variation with Mach number that the data
of the present test indicate. The estimated values of Czr are for

a = O whereas the data for the present test are for angles of attack
that vary from o = -1.2° at M =0.9 to a = -1.6° at M= 1,1; how-
ever, it 1s felt that the poor agreement is not due to this difference
in angle of attack, although it is possibly due to the method used to
determine the estimated values. The differences in the damping-in-yaw

data may be attributed to the fact that the Cné contribution was not

estimgted in reference 17.

Model High-~-Frequency and Random Oscillations

Throughout the flight the instrument telemeter system recorded
high-frequency oscillations that were superimposed on the low-frequency
Dutch~roll oscillations, A portion of the telemeter record showing
these oscillations is presented in figure 19. The high-frequency oscil-
lations were rather regular in nature from the peak Mach number of
M = 1.18 +to a Mach number of about M = 0.96 and had a frequency of
about 90 cycles per second throughout this Mach number range. As stabed
in the preflight test section of this paper, shake tests were performed
on the model., ZFrom these tests the first bending mode of the horizontal
tail was determined to have a frequency of 86 cycles per second; however,
the frequency of the vertical tail was not measured. The model of ref-
erence 1 did not experience these high-frequency oscillations and, since
the only difference between the model of reference 1 and the model of
the present test was in the construction of the tail sections (weaker
for present test), it is believed that the model of the present test
experienced flutter on some part of the empennage in the Mach number
range from M = 1.18 to M = 0.96.

Below M = 0,96 the oscillations were random in nature; this condi-
tion is believed to indicate that the model experienced a form of buffet
which may be explained as follows: The horizontal tail was mounted low
on the vertical tail near the section of the fuselage incorporating a
large boattail so that the region of the model bounded by the vertical
tail, lower surface of the horizontal tail, and the fuselage represents
a reglon where the static pressure may be considerably less than the
free~stream static pressure and the flow may become unsteady. The
results of reference 18 indicate that the static pressure in the region
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discussed above should be sbout 0.5 of the free~stream static pressure
from M=1.0 to M= 0.9 and that a low-lift buffet is possible in
the region of M = 0.99 to 0.87 because of the interference of the hor-
izontal tail and body. It is believed then that the model experienced
a low-lift buffet in the Mach number region below M = 0,95.

CONCLUSIONS

From the results of the flight test to determine the lateral sta-
bility characteristics of a rocket-propelled model of a supersonic air-
plane configuration employing a 400 sweptback wing having circular-arc
sections, the following conclusions are indicated:

1. The time-vector method applied to the recorded Dutch-roll tran-
sient oscillations provided a useful method for the determinstion of
the lateral stability derivatives. The results as obtained from the
vector analysis indicate that, as the Mach number increases from 0.89
to 1.10, the directional stability and the effective dihedral increased,
the damping in yaw was low and over a small region of Mach number was
unstable, and the rate of change of rolling-moment coefficient with
yawing-angular-velocity factor was negative at a Mach number of 0.89
and increased positively to a large positive value at a Mach number
of 1.10.

2. The lateral-force derivative increased with increasing Mach num-
ber up to a Mach number of 0.98 and then decreased to the limit Mach
number of the test.

3. For this configuration the lateral-force derivative was rather
large, whereas the directional stability derivative was low; thus, a
powerful sidewash effect on the vertical tail and a large wing-body
destabilizing effect were indicated.

4, The model experienced an empennage flutter in the Mach number
region above a Mach number of 0.96 and a low-Lift buffet below M = 0.96.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., January 17, 195k.
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TABLE I,- GEOMETRIC AND MASS CHARACTERISTICS OF

Wing:
Total included area, s Tt o o ¢ o o o ¢ 2 o o o o »
Aspect Yafio 4 o v o ¢ o o o o 2 o o ¢ o o s o e o »
Sweep of quarter-chord line, deg . o ¢« o ¢« o o o =
Taper Tati0o & o o o o o o o o o o o s o o o s s o @
Mean aerodynamic chord, £t + ¢ o o ¢ ¢ ¢ ¢ ¢ & o & &
Airfoil sections normal to quarter-chord

line (wax. thickness at 0.50¢) . « « « . o 10 percent

Horizontal tail:
Total included area, s@ £H o &« & & ¢ ¢ o o o ¢ o o
Aspect ratio v o o o ¢ ¢« o o o o s « o o o o s o o &
Sweep of quarter-chord line, deg . « « o « o o o o &
Taper Tab10 « o ¢ o o ¢ o o e « o o o o o a o o o =
Airfoil section parallel to fuselage reference line

Vertical tail:
Area (exposed), 8@ Tt ¢ ¢ o o ¢ o 6 0t 6 e e e 6
Aspect ratio (based on exposed area and span) . . .
Sweepback of quarter chord, deg . « ¢« o o« ¢ & = & @
Taper rabilo « o ¢ o o o ¢« o o o o o s o o o s s o =
Mean aerodynamic chord, £t « ¢« « ¢ ¢ ¢« ¢ ¢ ¢ ¢ o o &
Airfoil section, root « o« o« o ¢ ¢ o ¢ ¢ o ¢ o o . @
Airfoil section, TiD ¢« o o o o o o o o o o o o s o o

Fuselage:
Fineness ratio (neglecting canopy and fairings) . .

Mass:
Model weight, 1b ., . . « . &
Moment of inertia in yaw, Iy, slug-ft= . « . « « .

Moment of inertia in roll, Iy, slug-ft° . « . « .+ .
Inclination of principal axes, €, deg (down at nose)

Product of inertia, Ixy, SIUE-TE2 v v 4 4 4 4 o . e
Center-of ~gravity position, percent © . . « . « o &
Wing loading, 1b/sq £t v « « o o o o o o o o s o o &

THE MODEL

5.56
n

40
0.5
l.22

circular arc

0.938
3.772
Lo
0.5

. NACA 65-008

e o e o

. . DA

0.825%‘M
1.16
33

0.337
1.02

CA 27-010

. « NACA 27-008

9.58

190.5
14,5
)+.O
L

0.73%2
20
3.2



TABLE IT.- ESTIMATED ACCURACY OF BASTC QUANTTITIES

[Values shown are positive or negatilve quantities]

Accuracy of -
Mach + Ag "

number| W, 1z, Txs 1%z, M, a5 w, iQL: I /gl’ ®¢B; ay, [ @
percent |percent |percent |percent |percent |percent |percent |B| |81 deg |deg -1

percent |percent sec

(a)
1.1 0.5 2.0 4.0 8.0 1.0 2.0 2.6 3.0 2,0 L 10.5] 0.1
0.9 0.5 2,0 k.0 8.0 1.7 3.5 2.6 3.0 2.0 L 0.5] 0.1
8This error is due primarily to estimated accuracy of inclination of principal axis, $0.5°.
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Projection of relative wind Projection of relative wind

Projection of relative wind Projection of relutive wind

Looking forward Looking forward

Stabllity-axes system Body-axes system

Figure l.- Sketch showing stability- and body-axes system. Each view
presents a plane of the axes system as viewed along the third axes.
Arrows indicate positive direction of forces, moments, and angles.
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Reference axis

Stability-axes system

Principal axis

Flight path

Horizontal axis

Reference axis

Principal axis Body-axes system

Flight path

Horizontal axis

Figure 2.~ Angular relationships in flight. Stability- and body-axes
system. Arrows indicate positive direction of angles. n=a - €.
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(a) General arrangement of supersonic airplane configuration.

Figure 3.- Drawings showing dimensions and characteristics of supersoniec
airplane configuration. Al11 dimensions are in inches unless noted.
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(c) Detail of rudder.

Figure 3.~ Concluded.
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L-81369.1

(a) Three-quarter rear view.

(b) Three-quarter front view. 1-81%268.1

Figure 4.- Photographs of model of supersonic airplane configuration.
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(c) Model-booster combination on launcher.

Figure 4.- Concluded.
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(a) Lateral-force equation.

Figure 'T.- Typlcal time vector plots for M = 1.10.
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8.- Portion of time history of flight. M = 1.10.
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Figure 10.~- Variation of trim characteristics with Mach number.
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Figure 12.- Typical variation of lateral-force coefficient with sideslip

angle at M = 1.10.
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Figure 13.- Variation of sideslip derivatives with Mach nunber.



NACA RM L55A31

H
1]
g
H HH
,_ ]
F
‘_f £
! )
e s
} T -
T I !
H “
i aa. H
waes
] uaay
T ]
t na
1
RREs=as’ dmss Fr
T -
nae

1.3

1.2

1.1

1.0

Figure 1k4.- Variation of damping-in-roll derivative with Mach number as

obtained from reference 9.

L5



46

NACA RM L55A31

HI B R s
iR i
o - fi _ :
i r & H
0 s L el
i : i - i

o PR EHT o R st

-.h H L

o7

-.8pm

.8

9

1.2

(a) Rolling-moment-due-to-yawing derivative.

: e . = —0.i0
fp
Tem R g i C_ = 0.10
i p
fEsEi el : i Bl
G - . T HY e pH H
( n CHB) 0 sl FH H H j H1H H
Jy i i Hi
é‘:k g { 5t _:,‘:Lj.j_ H
.8 iagiasid 8 i i Tl riit :‘?_'u:_‘ rHH

(b) Damping~in-yaw derivative.

1.3

Figure 15.- Variation of moment derivatives due to yawing with Mach number.
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